U/fry
«“ %

OyD

%, &

SJALVSTANDIGA ARBETEN I MATEMATIK

MATEMATISKA INSTITUTIONEN, STOCKHOLMS UNIVERSITET

Weyls Law for Quantum Graphs

av

Joakim Hag

2018 - No K31

MATEMATISKA INSTITUTIONEN, STOCKHOLMS UNIVERSITET, 106 91 STOCKHOLM






Weyls Law for Quantum Graphs

Joakim Hag

Sjalvstéandigt arbete i matematik 15 hogskolepoédng, grundniva
Handledare: Jonathan Rohleder

2018






Weyl’s Law for Quantum Graphs

Joakim Hag



Abstract

This thesis concerns the asymptotic distribution of eigenvalues on a quantum graph
with certain vertex conditions. The operator of consideration is known as the Hamil-
tonian which acts as the negative second-order differential operator on the functions
defined on the edges of a compact metric graph along with some appropriate vertex
conditions. We will derive the asymptotic formula for the eigenvalue counting func-
tion of the Hamiltonian acting on the graph in two separate cases. Moreover, the
thesis include a close study of the sesquilinear form corresponding to the Hamilto-
nian as well as an introduction to a few selected topics from the theory of Hilbert
spaces.
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Introduction

In 1911, the German mathematician Hermann Weyl (1885-1955) showed in his paper
Uber die asymptotische Verteilung der Figenwerte (On the asymptotic distribution
of eigenvalues) [1] that the asymptotic distribution of eigenvalues of the positive
Laplacian operator on a bounded domain €2 C R™ with Dirichlet boundary is
Wn

N(X) ~ WVOI(Q))\”/Q (1)
where N(\) denotes the eigenvalue counting function of the operator, w, is the
volume of the n-dimensional unit sphere and vol(2) is the volume of the domain
Q2. This result became famously known as Weyls law. Over the years that followed,
mathematicians and physicists generalized this result to other types of mathematical
structures and operators, as well as improving the remainder estimates for these.
Today, Weyls law has become an umbrella term for the asymptotic distribution of
eigenvalues for all types of structures and operators. One of these structures which
we will be looking at is known as a quantum graph.

A quantum graph basically consists of two things:

1. A metric graph I' = (V, £,7), consisting of a finite set of vertices V and edges
& along with a set of intervals [0, 4.] € Z for all e € £, where 0 < £, < 0 is a
positive number assigned each edge e € £.

2. The assignment of a differential operator acting on functions defined on the
edges of the graph which satisfy some local self-adjoint vertex conditions at
every vertex v € V.

The theory of quantum graphs is a relatively new area in mathematics and most
of the progress has been made in the last few decades, even though some works that
could be classified as quantum graphs appeared at least as early as in the 1930s. The
reason of the growth in recent years is due to the numerous applications in physics,
chemistry as well as engineering of which quantum graph theory offers a simplified
model when dealing with propagation of waves in very thin branching structures. In
this thesis we will only deal with compact metric graphs, which is to say, the edges
are all of finite length, and with the operator known as the Hamiltonian £ acting as
the negative second-order differential operator on functions defined on the edges and
satisfying some local self-adjoint vertex conditions. Our main goal is to show that
for a quantum graph endowed with arbitrary self-adjoint vertex conditions which
corresponds to a nonnegative self-adjoint matrix A, for all v € V, the eigenvalue
counting function follows the asymptotic law:

L
Nr(k) ~ =k as k — o0 (2)
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where L is the sum of the lengths of all the edges and Nr(k) is the eigenvalue counting
function of the Hamiltonian operator, or simply, the eigenvalues of the graph I'. In
addition, we will also look at a less general case, namely a graph consisting of only
Dirichlet and Kirchoff conditions at each vertex and show that that Np(k) follows

N (k) = %k +on) (3)

where the remainder term is bounded above and below by some constants inde-
pendent of k. Both of these results are known as Weyl’s law in each respective
case.

Since the theory of quantum graphs is heavily grounded in functional analysis,
the first chapter aim to introduce the basic but necessary concepts in functional
analysis in Hilbert spaces. The next chapter involves quantum graphs, and the first
three sections are dedicated to define what quantum graphs are and how all self-
adjoint realizations of the Hamiltonian arise in terms of the vertex conditions. In
addition, we will compute the spectrum of the Hamiltonian on the trivial graph with
the Dirichlet vertex conditions. The following three sections of Chapter 2 concern
the sesquilinear form of the Hamiltonian and the introduction of the extended J-type
of vertex conditions and its interlacing properties. The two final sections of Chapter
2 is dedicated to the proof of Weyl’s law in each respective case.



Chapter 1

Background

In this chapter we will introduce some selected topics from the theory of Hilbert
spaces. To put it more concretely, we will begin Section 1.1 with the definition
of a Hilbert space and give two important examples in the form of the Lebesgue
and Sobolev spaces. In addition to this we will also mention Riesz’s representation
theorem which will be useful in the definition of the adjoint operator. In Section 1.2
we will look at the so-called self-adjoint operators. In Section 1.3 sesquilinear forms
are the main topic and we’ll see a relationship between semi-bounded sesquilinear
forms and their corresponding self-adjoint operators. Chapter 1 closes with Section
1.4 in which we look at the spectral properties of self-adjoint operators.

1.1 Hilbert spaces and Riesz’s theorem

We begin by recalling some basic facts and notions from linear algebra and analysis.

Definition 1.1.1. An inner product (-,-) : V. x V. — C is a map over a vector
space V' to the field of scalars C such that for all vectors u,v,w € V and scalars
aeC

o (au,v) = a(u,v) and (u+v,w) = (u,v) + (w,v)
o (u,u) >0 and (u,u) =0 if and only if u =0

An inner product induces a norm given by || - || := /(). A wvector space which
is complete by the norm induced by an inner product is called a Hilbert space. If
(u,v) = 0 then we say that u is orthogonal to v and we denote it by u L v.

We will throughout the text denote a general complex Hilbert space by H and
its elements by u, v, w. Let I be a finite index set, then

@Hi = {(ui)iel | u; € Hiv} (1.1)
iel
is a Hilbert space with an inner product defined by

o

((wi)ier, (vi)ier) = Z(uw Vi), - (1.2)

i=1



As a first example of a Hilbert space which will reappear throughout the text,
we choose the Lebesgue space L?(a, b) of square-integrable complex-valued functions
on a real interval (a, b).

Example 1.1.1. (The L*(a,b)-space) We denote by C(a,b) the space of continu-
ous complex-valued functions on (a,b). Then

mm—/fmﬂﬂm (1.3)

can be shown to be an inner product on Cla,b]. The integral is taken in the sense
of Lebesque and the bar over g denotes complex conjugation. The induced norm is
given by

I = ([ 17par) (14)

We define the Lebesque space of square-integrable complez-valued functions on
the real interval (a,b) as

L*(a,b) = {f € Cla, 0] [ [[fllz> = (/ If(ﬂ«")PdfC> < OO} (1.5)

where the overline denotes the closure of the set with respect to the L*-norm (1.4) .
In addition, L*(a,b) can be shown to be a Hilbert space with the inner product (1.3),
however, the proof of completeness requires a bit of measure theory and therefore
will be omitted, see [3] page 97.

Another example of a Hilbert space is the one-dimensional Sobolev space H*(a, b).
This time we consider functions f € L?(a,b) along with their k-th weak derivative
D*f. The Sobolev space is then defined as the space of functions in L?(a,b) for
which D¥ f belongs to L?(a,b).

Example 1.1.2. (The H*(a,b)-space) We begin by defining L*(a,b) similarly as
L*(a,b) by

L'(a,b) = {f € Cla, o] | [[fllz —/ |f () ]de < OO} (1.6)

where the closure is taken with the L*-norm. We define the subspace L}, .(a,b) of
L'(a,b) as

b
L} (a,b) = {f € L'(a,b) | / f(z)dx < oo and f locally integmble.} (1.7)

where "locally integrable” means that that the integral over |f| over any compact
subset of its domain (a,b) is finite. Given an f € L}, (a,b), if there exists a function
g € L} (a,b) with the property that

loc

[ @ @is =~ [ g@otwis (1.8)
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for all ¢ € C’gg’mp(a, b), then g is said to be the weak derivative of f. The subscript
“comp” refers to that ¢ has compact support, which is to say (informally) that ¢ van-
ishes outside the interval (a,b) and in some small neighborhood around the boundary
points. We define the Sobolev space H*(a,b) as

H*(a,b) = {f € L*(a,b) | D'f € L*(a,b), i =1,2,... k} (1.9)

where D¥ f denotes the k-th weak derivative of f. With the inner product given by
k
o) = S (DS, Dig) (1.10)
i=0
H* is a Hilbert space, where the subscript L? refers to standard integral product
given in (1.3). Moreover, H* is dense in L*(a,b) by using the well-known fact that
C  (a,b) = L*(a,b) and by the following inclusion

comp
c (a,b) C H*(a,b) C L*(a,b) (1.11)

comp
fork=0,1,....

We will from here on assume that all derivates are taken in the weak sense. Before
ending this section we will briefly mention functionals and the Riesz representation
theorem which will be helpful when defining the adjoint operator in the next section.

Definition 1.1.2. A functional ¢ refers to a mapping ¢ : V- — C from an inner
product space V' to its field of scalars C. It is called bounded if there exists a positive
real number m > 0 such that |p(u)| < m||ul|y for allu e V.

It turns out that every bounded functional on a Hilbert space H can be written
as a function in terms of the inner product and some unique element in H. In other
words, there exists a bijection y — (y, -) between elements y € H and the space of
bounded linear functionals on H. It should be mentioned that in general, finding
this unique element v explicitly is no easy task.

Theorem 1.1.1. (Riesz’s representation theorem) Let ¢ : H — C be a
bounded, linear' functional defined on a Hilbert space H. Then there exists a unique
element v € H such that ¢(u) = (u,v) for allu € H and ||¢] = ||v||-

Remark. The norm of a functional ||¢|| is the same as the operator norm given in
Definition 1.2.1.

Proof. See [3] page 206. O

1.2 The adjoint operator

Now we will take a look at operators defined in Hilbert spaces. A certain kind of
operators are of interest to us due to their spectral properties as we’ll see in Section
2.4; these are known as self-adjoint operators. Since operators can be thought of as
a generalization of matrices in finite dimensions, we would like to extend some of
the concepts known from linear algebra into infinite dimensional spaces (such as the
function spaces L? or H*). Two well-known notions are the Hermitian matrix and
the conjugate transpose of a matrix. These are the finite dimensional equivalent of
the self-adjoint and adjoint operator respectively.

Lo(u+v) = ¢(u) + ¢(v) and ¢(au) = ap(u) for all u,v € H and o € C.

9



Definition 1.2.1. A densely defined linear operator T is a linear mapping
T :D(T)—H

from a dense linear subspace D(T') of H called the domain of T into H. We define
the norm of an operator as

Tu
IT|| =  sup [ 7] = sup [ Tul]. (1.12)
u€D(T), uz£0 [l u€D(T), |lull=1

We call T semi-bounded if (Tu,u) > m||ul|? for all u € D(T) and m € R. We call
T bounded if ||T|| is finite.

Suppose we have a densely defined operator T and we consider the inner product
(T'u,v). We can think of the adjoint operator T* as the operator which ”switches
place” in the inner product and preserves the value, i.e (Tu,v) = (u, T*v) for all
u,v € H. The existence of such operator is not guaranteed due to the fact that
T might be unbounded, and hence can’t be defined on the whole Hilbert space 2.
Instead we would like to find a set in which we can define our 7™ on. Let

QT) = {v €EH | sup (Tu,v)| < oo} (1.13)
uweD(T), [ull=1

then for each v € Q(T') we define the functional ¢,(u) = (T'u,v) which is clearly
bounded (and hence continuous). We can uniquely extend?® this functional to one
which is both bounded and defined on all of H; we denote this extension by f,(u).
By Riesz’s theorem (Theorem 1.1.2) we can then find an unique element v* € H
such that f,(u) = (u,v*) for all u € H. The adjoint operator is then defined by
T*v = v* with the domain given by D(T*) = Q(T). We summarize this in the
definition below.

Definition 1.2.2. Let T : D(T) — H be a densely defined linear operator in H.
The adjoint operator T* : D(T*) — H is defined as follows. The domain D(T™) of
T consists of all v € H such that that there exists a v* € H satisfying

(Tu,v) = (u,v*) for all uw € D(T).
Then the adjoint operator is defined as T v = v*.

It should be mentioned that the requirement for 7' to be densely defined is due
to the fact that the mapping 7T*v = v* is not unique otherwise. If D(T') # H, then

D(T)L ={ueH| (u,w) =0 for all w € D(T)} # {0} and we can find a non-zero

vector uy € (T)l such that (w,ue) = 0 for all w € D(T'). But then

(u, v*) = (u, v*) + (u, up) = (u,v* + ug) (1.14)
which implies non-uniqueness. Assume instead D(T") = H then D(T )L = {0} and
so if (u,up) = 0 holds for all v € D(T) then uy = 0. This shows that v* + uy = v*
in (1.9) and therefore v* is unique.

2This is due to the Hellinger-Toeplitz theorem which states that an everywhere-defined sym-
metric operator is bounded, see [2] page 525.
3This is due to the Hahn-Banach theorem, see [3] page 150.
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Definition 1.2.3. A densely defined linear operator T : D(T) — H is said to be
symmetric if for all u,v € D(T)

(Tu,v) = (u,Tv). (1.15)

If D(Ty) C D(T3) and Tyu = Tyu holds for all w € D(T}) for two operators Ty, Ty
we call Ty an extension of Ty and denote it by Ty C Ts.

An operator is symmetric if and only if 7' C T* . Indeed, by the definition of
the adjoint (T'u,v) = (u, T*v) holds for all v € D(T),v € D(T*). If D(T) C D(T™)
then T*v = T for all v € D(T) and it follows that 7" is symmetric. Conversely, if T’
is symmetric then (Tw,v) = (u,Tv) for all u,v € D(T). Then D(T) C D(T*) and
Tu = T*u for all u € D(T'), hence by definition 7" C T™*.

Example 1.2.1. Consider the operator T : D(T) — L*(a,b) defined by T f = —327];
We would like to show that T can be made symmetric by choosing a suitable domain.
We will show this by the use of partial integration.

b P
<Tﬁg>=<—fﬂg>=3/<—f%x»g@ﬁMr (1.16)

=%f@M@L+/fmﬂ§m (117)

= [(=f@)g(@)], + [f(@)g (@], —/ f(x)g"(x)dz (1.18)

= [f(@)g(x) — f'(@)g(@)], + (f.—") (1.19)
For T to be symmetric we require that
[f(2)g @) — f'(x)g(x)]} = 0. (1.20)

This can happen in several different ways. If for example T was to be defined
on Cg,,la,b] then (1.20) vanishes and the operator is symmetric. Furthermore,

Cosmpla, 0] is also dense in L*[a,b] as we've already pointed out in Ezample 1.1.1.

Since D(T') C D(T™*) always holds for symmetric operators. One might be inter-
ested in when those domains coincide, i.e T' = T*. This leads us to the definition of
the self-adjoint operator.

Definition 1.2.4. An operator T is called self-adjoint if T is symmetric and D(T') =
D(T™).

Explicitly computing the adjoint and its domain is often a laborious task which
makes the work of checking if an operator is self-adjoint quite difficult. However,
as we will see in the next example, T' is not self-adjoint if we can find an element
which is in D(7™) but not in D(T).

Example 1.2.2. For the sake of simplicity we will consider T f = —f—j defined on

Compl—1,1]. If we can find a g € D(T*) but g ¢ Cs,,,,[—1,1] then we're done. Let

() 2%, —1<2<0 “(2) —6z, —1<z<0
xTr) = €T) =
g 2, 0<zx<1 J

11



then for f € Cg,[—1,1] and g € L*(—1,1) we have

(f.g") = / )i - / f(@)(~6x)dr + / f@)6x)de  (1.21)

=3f(=D+ f (=D +3f(1) = f(1)+ » f"(a)g(w)de (1.22)
=(Tf.9) (1.23)

and so g € D(T*) with T*g = g*. But g is obviously not in Cg;, [-1,1] and so T
cannot be self-adjoint.

It can however be shown that T'f = —% is self-adjoint on the domain given by

HE(a,) = {f € H*(a,b) | f(a) = 0, f(5) = O}.

1.3 Sesquilinear forms

In this section we will take a brief look at sesquilinear forms. We will see that
sesquilinear forms have a close connection to operators, and certain properties of
the sesquilinear form carry over to the corresponding operator. The reason why we
bother ourselves with working with the sesquilinear forms is that these are often
easier to work with than the operator itself, and the domain of the form is larger
and less "sensitive” to changes (in the sense of varying boundary conditions, for
example).

Definition 1.3.1. A map s : D(s) X D(s) — C is called a sesquilinear form on H if

s[u + v, w] = s[u, w] + s[v,w] and slou,v] = aslu, v
s[u, v + w| = s[u, v] + s[u,w] and sju,av] = asu, v

for all u,v € D(s) and o € C. The domain D(s) of s is a linear subspace of H and
s is called densely defined if D(s) is dense in H. Furthermore, we call

e 5 symmetric if s[u,v] = s[v,u] for all u,v € D(s)

e 5 semi-bounded if there exists a constant o € R such that s[u,u] > a||u||* for
all w € D(s). We then call a a lower bound of s.

We define the quadratic form q as q[u] = s[u,u] with D(q) = D(s). If s is semi-
bounded we call s closed if D(s) is complete with the norm induced by the inner
product defined by (u,v)s = s[u,v] + (1 — a){u,v) where o is a lower bound of s.

An already familiar sesquilinear form is the inner product (as in Definition 1.1.1).
However, a more interesting example is shown belgw where the sesquilinear form of
(1.20) is closely related to the operator T'f = —% previously defined in Example
1.2.1.

Example 1.3.1. Consider the densely defined sesquilinear form

slf.g = / /(@) @)dz (1.24)
12



on the form domain f,g € D(s) = H(a,b) = {f € H'(a,b) | f(a) =0, f(b) =0}
in L*(a,b). To show that this is indeed a sesquilinear form follows directly from the
summation rule of integrals and complex conjugation. This form can easily seen be
symmetric

o7l = / ¢ () F@)de = / F@ (@)de = s/ g

and lower semibounded

|s[f, fl] = \/abf’(x)mdx\ = /ab!f/(x)|2dm > 0.

It can also be shown to be closed. Indeed, with o = 0 as in Definition 1.3.1 we get

b b
()= [ F@F@+ [ f@igds (1.25)
As we have mentioned in Example 1.1.2 in Section 1.1, the Sobolev space equipped

with the above inner product is a Hilbert space (and hence complete) thus s is closed.

The following important theorem which shows the correspondance between cer-
tain sesquilinear forms and self-adjoint operators will conclude this section.

Theorem 1.3.1. Suppose s is a sesquilinear form which is densely defined, sym-
metric, closed and semi-bounded by some m € R in H. Then there exists a unique
self-adjoint operator T in H with D(T) C D(s) corresponding to s such that

s[u,v] = (Tu,v) for weD(T),ve D(s). (1.26)

Proof. See [2] page 225. O

1.4 Spectral properties of self-adjoint operators

In Section 1.2 we said that all finite-dimensional linear operators can be seen as ma-
trices. From linear algebra we are familiar with the problem of finding the eigenvalue
A € C and the corresponding eigenvector u # 0 such that

Au = \u

for some n x n-matrix A with coefficients in C"”. We know that for a n X n-matrix
there are at least 1 and at most n distinct eigenvalues. Finding the eigenvalues is
usually done by computing A for which det(A — AI') = 0. Taking the step to infinite-
dimensional spaces we are interested in when

Tu= A\u (1.27)

for some operator T' defined on H and non-zero u € H. Instead of solving for which
A € C det(A — M) = 0, we are now interested in the properties of the resolvent
operator Ry = (T'— AI)~!. Basically, the eigenvalues A of T is the set for which Ry
doesn’t exist.

13



Definition 1.4.1. Let T : D(T) — H be a closed*, linear operator from its domain
D(T) into a complex Hilbert space H. For every A\ € C we associate A\ with the
operator T\ = T — X where I denotes the identity operator in D(T). The inverse
of T (if it exists) is called the resolvent operator, which we denote by R\(T) =
(T — AI)~L.

o The resolvent set p(T') is the collection of all X\ € C such that Ry exists, is
bounded and defined on all of H.

o The spectrum of T"is defined as o(T) = C\ p(T).
The spectrum can then be decomposed in the following way:

o The point spectrum is defined as 0,(T") = {\ € C | ker(T'— \I) # {0}}. Then
A € 0,(T) is called an eigenvalue with multiplicity dim(ker(T — M) and the
corresponding eigenvector are all the non-zero elements of ker(T — \I).

o The discrete spectrum oq(T) is the set of all isolated® eigenvalues with finite
multiplicity.

e The continuous spectrum o.(T) is the set for which ker(T — \I) = {0} and
Ran(T — M) # H but Ran(T — \) = H.

o The residual spectrum o.(T') is the set of all X for which Ty =T — X has a
bounded inverse not defined on all of H.

o The essential spectrum oess(T) is defined as cess = o(T) \ o4(T).

The next two theorems demonstrate some nice spectral properties of self-adjoint
operators.

Theorem 1.4.1. The eigenvalues of a self-adjoint operator are real and the eigen-
vectors corresponding to distinct eigenvalues are orthogonal.

Proof. Let A be an eigenvalue. Then Tu = Au, u # 0 and (Tu,u) = A{u,u). Since
T is self-adjoint, (T'u,u) is real and (u,u) > 0, therefore we conclude that A must
be real. Suppose Tv = pv and v # 0, p # A then

<Tu7 U> - <U7 TU> = <>\U, U> - (u,;w) = ()\ - /j’) <U, 'U> =0
and since A # pu we have (u,v) = 0, hence u L v. ]
Theorem 1.4.2. The spectrum of a self-adjoint operator is real.

Proof. We begin with a lemma whose proof can be found in [3] that states that if
for some A and m > 0

(T = ADul| = ml|u] (1.28)

4The operator T is called closed if the set {(u,Tu) | u € D(T)} is a closed subset of H P H.
5By isolated we mean that there exists a neighborhood around the eigenvalue A of which there
are no other points in the spectrum.

14



holds for all u € ‘H then A € p(T). Now suppose A = a+bi, b # 0 and a,b € R. The
idea of the proof is to use the above lemma to show that A € p(T'). Let v = (T'—\I)u,
then

which follows from definition of an inner product and that (T'u,u) € R for all u € H
since T is self-adjoint. Now we can estimate

(v, u) — (u,v) = (A = N){u,u) = 2bi||z|? (1.29)
with
2bllull* < [v, W] + Ku, v)| = 2/(u, v)] < 2[full[|v]]. (1.30)

where the last inequality follows from the Cauchy-Schwartz inequality. By applying
(1.28) on (1.30)

[blflull < [I(T" = Alul (1.31)

we get A € p(T'), or equivalently, A\ ¢ o(T) since b # 0 and (1.28) holds for all
u € H. O

The final theorem which concludes this section and chapter is the Min-Max
principle. This will give us a characterization of the eigenvalues of T" in terms of the
sesquilinear form. We will assume o.45(7T") = 0 for the operator 7' which corresponds
to 5. Since s is bounded, so is T" and the eigenvalues can be numbered from below
as A\; < Ay < ... (with possibility of multiplicity).

Theorem 1.4.3. (The Min-Max principle) Let the assumptions from Theo-
rem 1.3.1 hold along with the additional assumption that o..s(T) = (). Then the
eigenvalues Ay, \o, ... of T can be numbered as

M <A< (1.32)

counted with multiplicty. Each \; can then be written as

\N(T) = min max su, ul (1.33)
V' subspace of D(s) u€V
dim(V) =i llull=1
where © € N.
Proof. See [2] page 265. O
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Chapter 2

Quantum graphs

Our main goal in this chapter is to show that for a quantum graph equipped with the
Hamiltonian operator with arbitrary self-adjoint vertex conditions which give rise to
a nonnegative self-adjoint matrix A, at each vertex v € V, the eigenvalue counting
function of the graph (or equivalently, the Hamiltonian) follows the asymptotic law

L
Nr(k) ~ ;l{: as k — oo. (2.1)

where Np(k) = #{\ € o(T') | A < k?} denotes the eigenvalue counting function
on I and o(T") denotes the spectrum of the graph (or equivalently, the spectrum of
the Hamiltonian on I'). Moreover, in the less general case where the graphs vertex
conditions consists purely of Dirichlet and Kirchoff conditions, we will be able to
derive a remainder term of constant order, i.e

Ny (k) = §k+0(1). (2.2)

The first two sections are devoted to the introduction of what quantum graphs
are, along with the computation of the spectrum of a simple graph consisting of
two vertices and an edge with Dirichlet conditions at both vertices. The following
two sections aim to introduce how all self-adjoint realizations of the Hamiltonian
occur in terms of the vertex conditions along with the description of the sesquilinear
form of the Hamiltonian. More concretely, we will show that the given sesquilinear
form satisfies the requirements of Theorem 1.3.1, therefore there exists a unique
self-adjoint operator corresponding to this form. This operator will be shown to be
the Hamiltonian. In addition, the spectrum of the Hamiltonian is purely discrete (or
equivalently, the essential spectrum is empty) and hence the Min-max theorem (The-
orem 1.4.3) holds. Section 2.5 aims to describe a certain kind of vertex conditions
known as the extended J-type, of which both the Dirichlet and Kirchoff conditions
are a special case of. In Section 2.6 we will see what happens with the eigenvalues
of a graph when changing the parameter in the extended d-type of conditions, this
so-called interlacing property will be the cornerstone in the proof of Weyl’s law when
considering a graph with purely Dirichlet and Kirchoff conditions. The final section
of this chapter is devoted to Weyl’s law in the more general case.

This chapter is very much based on the works by Gregory Berkolaiko and Peter
Kuchment in their book Introduction to Quantum Graphs, see [5]. An easy-going
introduction into the field of quantum graph with plenty of examples can be found in
Gregory Berkolaiko’s paper An elementary introduction to Quantum Graphs, see [6].
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2.1 Introduction

We begin with the definition of a metric graph.

Definition 2.1.1. A metric graph T' = (V,E,Z) is a set of vertices V and edges £
such that each edge e € £ is assigned a positive number (. called the length of the
edge. Each edge then corresponds to an interval [0,¢.] € Z. The graph is compact if
there are finitely many edges, each with finite length.

Along this interval (or edge) we have the coordinate x. € [0,¢;]. This gives a
natural orientation of the edges, however, this orientation can be made arbitrarily
and have no bearing on the resulting theory. Edges who share a common vertex
are called incident and the degree d,, of a vertex v is the number of edges connected
to it. The two vertices connected by an edge are called edge ends, and since we
associate each edge with an interval the edge ends are mapped to the end points
on the interval. Since each edge is a positive interval we can then define a space
of functions living on these edges, these will be taken to be the familiar L?-and H*
spaces as in Example 1.1.1 and 1.1.2 respectively.

Definition 2.1.2. The Lebesque space (L*(T), ||f||ig(r)) and Sobolev space
(H*(T), HfH%Ik(F)) of a metric graph T" is respectively defined as

L*(T) = @ L¥(e) 1 1Zawy = D 11, (2.3)

ec& ec&
HH(T) = @D HH(e) 1 By = S 1o (2.4)
eel el

Furthermore, we define the space H*(T') as

HYT) = {f € H\T') | f is continuous }. (2.5)

We usually refer to L?(T") as the space of the graph. If " is compact, an element
f e L*T) is avector f = (fi1, fo, ..., fig|) where f. : L*[0,£.] — C. In the definition
of H'(T') we say that f is continuous, this should be interpreted as; for all edges
e incident to a vertex v, f.(v) assumes the same value. In other words, f(v) is
uniquely defined.

Making this graph quantum is done by assigning an operator to it. In this thesis
we will be working with an operator known as the Hamiltonian, which we denote

by L.
Definition 2.1.3. The Hamiltonian operator L : D(L) — L*(T') on a graph T’ =
(V, &) is the operator which acts as

flxe) — ——. (2.6)
on each edge e € £. The domain D(L) of the operator consists of functions f €
H?(T') which satisfy some local self-adjoint conditions at the vertices.

This operator can be shown to be bounded from below (See Section 2.4) and as
we’ve seen in Section 1.2, for operators of this type we need to find a suitable dense
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subspace. Since the operator acts as the negative second-derivative along the edges,
it is natural to assume that f. € H?(e) on each edge, or equivalently, f & ﬁz(l“).
This is however not enough to make the Hamiltonian self-adjoint, but if one chooses
certain kind of vertex conditions then £ can be proven to be self-adjoint. Again,
since the operator acts as the negative second-derivative, the boundary conditions, or
perhaps rather the vertex conditions may only involve the values of f.(z) and f.(z)
at the edge ends. The derivative f! of f, at some vertex v is taken in the outgoing
direction (i.e away from the vertex). Before ending this section we summarize the
definition of a quantum graph below.

Definition 2.1.4. A quantum graph is a compact metric graphT' = (V,E,T) equipped
with the Hamiltonian operator L acting as the negative second-derivative on the func-
tions along the edges. The operator domain consists of functions from ﬁIQ(F) which
satisfy some local self-adjoint matching conditions at the vertices.

Before looking more closely at how one can choose these matching conditions,
we will in the following section compute the eigenvalues of the trivial graph with
the Dirichlet conditions.

2.2 The Trivial Graph

In this section we will compute the eigenvalues of the Hamiltonian on a graph with
two vertices and one edge, which we recognize as simply the interval [0, ¢], see Figure
2.1. The eigenvalues of the Hamiltonian acting on functions f defined on [0, ¢] is
given by the second-order linear differential equation

—f" =Kf. (2.7)

We count the eigenvalues of the graph in terms of k, which can easily be related
back to the "true” eigenvalue A by A = k%. The solution to (2.7) is given by

f(z) = Acos(kz) + Bsin(kx) (2.8)

where the constants A, B is determined by the vertex (boundary) conditions. We will
look at two types of boundary conditions, namely the Dirichlet and the Neumann
conditions. The Dirichlet and Neumann conditions at a vertex v are defined as

Dirichlet : f.(v) = 0 for all edges e incident to v. (2.9)
Neumann : f/(v) = 0, for all edges e incident to v, where the (2.10)
direction of the derivative is taken from the vertex (2.11)

into the edge. (2.12)

In the case of the trivial graph [0, ¢], the Dirichlet conditions at both vertices are
equivalent to f(0) = f(¢) = 0 and the Neumann conditions are equivalent to f'(0) =
0, —f'(L) = 0. We don’t have to bother looking for any negative eigenvalues.
Indeed, consider the inner product of —f” with f. By partial integration and using
that f(0) = f(¢) = 0 in the Dirichlet case, or f'(0) =0, —f’(L) = 0 in the Neumann
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Figure 2.1: A graph with 2 vertices and 1 edge with length (.

case, we get

(1 0) = [ @)@ do = [ F@F@l, - [ (~f@)F@) da
¢
:/0 | ()| dz >0, (2.13)
Now suppose A is an eigenvalue. Then

and so we see that (2.13) is clearly non-negative and for (2.14) to be non-negative
A > 0 since (f, f) > 0. We begin by trying to find the positive eigenvalues in the
Dirichlet case. Assume A > 0, then solving (2.7) using (2.8) and (2.9) we get

f(0) = Acos(k-0) + Bsin(k-0) =A=0
Since A =0 and f¢) = 0 we can solve for the eigenvalues (in terms of k)

£(0) = Bsin(kl) = 0 = k = %

Note that we’re not interested in the trivial solution f(x) = 0 and so B # 0.

Then each positive eigenvalue can be written as A, = (%*)* with the corresponding

eigenfunctions f,,(z) = sin(™*), n € N. In the case of A\ = 0, we get —f" = 0

which is solved by f(x) = Az + B, with the vertex conditions at the endpoints
we arrive at the trivial solution f(x) = 0. In conclusion, the only eigenvalues of T'

. n=1,23...

with the Dirichlet conditions imposed on both vertices are A, (%)2, n € N, with

corresponding eigenfunctions f,(z) = sin(*}*). In addition, the eigenfunctions are
orthogonal which is shown by the following computation with n; > 1,7 = 1,2 and

constants ¢; = %+ we have

 cos((c1 — ea)x) — cos((c1 + ¢)z)

dx
0 2

¢
/ sin(cyz) sin(cox)dx =
0

¢

sin((e1 — e2)z)  sin((e1 + o))
C1 — Co 1+ ¢

=0.

Thus all eigenvalues are real and the corresponding eigenfunctions are orthogonal.
As we will see later, these Dirichlet conditions actually give rise to a self-adjoint
operator, and so these properties are to be expected in accordance to Theorem 1.4.1
and Theorem 1.4.2. Moreover, due to Theorem 2.4.4, the spectrum of the self-adjoint
Hamiltonian is purely discrete and so in this example, (") = {(M)2, n € N}. The

¢
eigenvalue counting function of this graph can then be written as
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Ny(k) = #{) € o(D)|\ < &2} = V“ﬂ (2.15)
where the brackets denotes the lower integer part function. If we instead consider a
graph I'p = (V, ) with Dirichlet conditions at every vertex, then this a completely
decoupled graph. If we consider one Dirichlet interval at first, the eigenfunction of
this interval can be extended to the whole graph by setting it identical to zero on
the rest of the intervals (and so the Dirichlet conditions are trivially fulfilled). The
union of the spectra of these intervals are then contained in the spectra of the graph.
Conversely, restricting an eigenfuncton of I'p to any interval gives an eigenfunction
of this interval. hence the following equality hold

o(lp) = {(7;—”)2 ne N} (2.16)

ecf

and the corresponding counting function Nr, (k) is just the sum of all individual
counting functions on the edges, that is

Ney (k) = 3 Ni (). (217)

ecf

Computing the spectrum of the Neumann conditions is very similar to what we
have already done. We have f/(0) = 0 which implies B = 0 in (2.7) since k£ > 0.
To avoid the trivial solution, A # 0, which together with —f’(¢) = 0 implies that
sin(kf) = 0, hence the solutions are k& = T, n € N and the eigenvalues on a
graph with Neumann conditions at both vertices are exactly the same as in the
Dirichlet case, namely A, = (%)2, n € N with the corresponding eigenfunctions
fn(x) = cos(™}*). If we consider a graph consisting of Neumann conditions at every
vertex, the spectrum of such a graph is, just as in the Dirichlet case, the union of
the spectra of each edge (the Neumann conditions are yet another example of a

decoupling condition).

2.3 Vertex conditions

As we have already seen in the previous section, with the Dirichlet boundary con-
ditions the Hamiltonian is seemingly a self-adjoint operator. In this section we will
give a description how all self-adjoint realizations of the Hamiltonian arise. We will
see that this can be done in two (equivalent) ways, one in terms of two matrices
A,, B, and the other in terms of three projectors. It should be noted that these
conditions are local, that is, we are considering one vertex v at a time. The Hamil-
tonian act as a negative second derivative on each edge and so we need have two
conditions per edge, or d, conditions per vertex. These conditions involve the values

of f and f” at v. Now, consider a vertex v with degree d, and functions fi, ..., fa,
on the edges incident to v. We may then define the column vectors F(v), F'(v) as
fi(v) fi(v)
v J(v
Flv) = f“’? ) F'(v) = f2§ a8 (2.18)
Ja,(v) fa,(v)
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The homogeneous conditions for which F'(v), F'(v) must satisfy at a vertex v can
be written using two d, x d,-matrices A,, B, such that

A,F(v) + B,F'(v) = 0 (2.19)

and to ensure d, independent conditions, we require the d, x 2d,-matrix (A, B,) to
be of maximal rank for all v € V.

Theorem 2.3.1. Let I' = (V,E,7) be a compact metric graph. The Hamiltonian L
acting on functions f € fIQ(F) which satisfy some local vertex conditions involving
the values of the function and their derivatives at the vertices is self-adjoint if and
only if the vertex conditions can be written in any of the two equivalent forms.

1. There exists d, X d,-matrices A, and B, such that the d, x 2d,-matriz (A, B,)
has maximal rank and A, B} is self-adjoint for every vertex v € V with degree
d,. The boundary values of f at v should also satisfy A,F(v) + B,F'(v) = 0.

2. There exist three mutually orthogonal projectors Pp,, Pn, and Pr, = 1 —
Pp., — P, acting in C* and a self-adjoint operator A, acting in Pr,C% for
each verter v € V such that the boundary values of f at v satisfy

Pp,F(v) =0
Py, F'(v) =0 (2.20)
PR,'UF/(’U) = AUPR’UF(U)

Proof. See [5]. O

We will in Section 2.5 see how the matrices and projectors can be chosen when we
consider a certain type of conditions called the extended J-type vertex conditions,
of which the Dirichlet conditions in Section 2.2 are a special case. Before doing
that, we will take a look at the sesquilinear form of the Hamiltonian. In order to
do this, writing the vertex conditions in terms of the projectors as in (2.20) is the
most suitable choice.

2.4 Sesquilinear form of the Hamiltonian

Our main goal in this section is to show that the sesquilinear form in Definition
2.4.1 is densely defined, symmetric, bounded from below and closed. Then due to
Theorem 1.3.1 there exists a unique self-adjoint operator corresponding to that form.
This corresponding self-adjoint operator will be then proven to be the Hamiltonian
operator.

Definition 2.4.1. Let s denote the sesquilinear form defined as
s(fg] =) [ f'(@)g(@)de + ) (AProF(v), PruG(v)) (2.21)
ecg V¢ vey

Here (,) denotes the standard inner product in Pr,C%. The domain D(s) consists of
functions belonging to H'(e) on each edge with the added condition that Pp ,F(v) = 0
for allv e V. The corresponding quadratic form is then
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=3 / @)+ 3 (A PayF(0), ProF(0) (2.22)

ec€ v ¢ veY
for f € D(s).
Showing that (2.21) satisfies Definition 1.3.1 of a sesquilinear form is straight-

forward and therefore will be omitted. In order to show that s is bounded from
below we need an estimate in the form of the below lemma.

Lemma 2.4.1. Let f € H'0,/] then for any 0 < 6 < ¢,

£l 220, + O11f 17210, (2.23)

STIN V)

FO) <

Proof. Since f € H'Y0,/], f is absolutely continuous' and can be written on the
form

f(x) = 1(0) + / " Py (2.24)

for all € [0,¢]. We denote the indicator function by 1y, then using Cauchy-
Schwartz we have

/Ox f(t)dt

By taking the L?(0,d)-norm on (2.25), we get

‘ /OI f'(t)dt

Solving for £(0) in (2.23) and taking the L?[0,d]-norm on both sides and using the
standard inequality (a + b)? < 2a® + 2b?, we end up with

2 2
= ‘/0 Loaf' (t)dt] <11pallZz00llf 17200 = 2l f 122000 (2:25)

2

52
<z l72p05 1 17210, = EHf/HZm[o,e]- (2.26)
£2[0.9]

1 O) 220,59 = SLFO)* < 20 12210, + 0°I1f 22109 (2.27)
and dividing by ¢ finishes the proof. m

Theorem 2.4.2. The sesquilinear form s defined in Defintion 2.4.1 is densely de-
fined, symmetric, semi-bounded from below and closed.

Proof. The form is densely defined since @, Cos,p(€) € D(s) is dense in L*(T).
Symmetry is shown quite easily by using the standard properties of inner products

1See [8] page 31 for proof of this claim.
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and the fact that A, is self-adjoint. The computation is straight-forward as can be
seen below

Le
Z/ f/ d$+ZA PR’L)FU7PR’UG’U> <228>

eckE veY
Le _
=D / f(@)g'(@)de + Y (ProF, Ay ProuGy) (2.29)
eelE 0 veY
= Z/ F@)g @z + S (A PruFy, PruG) (2.30)
ecp 0 veY
= s[f, gl (2.31)

for all f,g € D(s). Next we will show that s is bounded from below. Since A, is
self-adjoint, the eigenvalues of A, are real and with

Amaz = ma%({])\\ cAea(Ay)} (2.32)
ve

the following inequality holds

Z<A’UPR,’UF’U7 PR,vFv> S )\maz Z ’PR,vFv’2 S )\maz Z ’Fv|2 <233>
veV veY veY
since I, = Pp,F, + Pp,F, + Pny.,F, and Pgr,, Pp,, Py, are mutually orthogonal,
then |F,|* = |ProFu* + |PpoFy + PyvoF,|? and |F|? > |Pr,F,|?. Let q[f] denote
the quadratic form as in Definition 2.4.1, then

alfl = 1172y + Z(A’UPR,’UF’IM ProFy) (2.34)
veY

Z ||fl||%,2(r) _>‘ma$Z|Fv|2 (235)

veY

2

> 17120y = 2hmar 3 (17120 + 015 I3 (2.36)

ec&

4/\mam

= (1= 20 ) 1 F 720y = —— 1 172y (2.37)

where we applied Lemma 2.4.1 at all the vertices with the same parameter § chosen

such that ¢,,;, > — maz0 > 0
and we can disregard the Hf’HLZ(F) -term. That is, by choosing 0 < min{¢,,;,, ﬁ}
we can find a constant ¢ > 0 such that

a(f) > =l fllzar (2.38)

holds. Let ¢q denote the optimal bound. To show closedness of the form, we need
to show that D(q) is complete with the norm

171l = y/alf) + (L + co)llF By (2.39)
If we can show that there exists some «, 8 > 0 such that
allfllaay < M- llg < Bl arr) (2.40)
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then the two norms are equivalent and (D(q), || - ||4) is just H'(T"), which is known
to be a Hilbert space (and hence complete). It is easy to see that we can find such
a, B. Indeed, by squaring the norm and using the already familiar inequalities we
get

alf] + (1 o)l ey < 1712y + 2ae (G ey + 0 aey)  (241)
+(1+ Co)||f||2L2(r) (2.42)

< B ey + 112 r) (2.43)

= B\ fllinry (2.44)

which holds if we choose g large enough. With ¢ = ¢y + 1 and putting together
(2.37) and (2.39) we get

_ 4)\777,0,1‘

(1 = 20X maa) | 1 2y 11122y + €l FIIZ2 > 0 (2.45)

and we can write (2.45) as some a2||f\|fq1(r) > 0 with @ > 0, then

/ 4)\ma:r
alf1+ (L co)llFIZary = (1= 200ma) 1/ 17200y = =5 1 llz2y + (1 + co) [ 1172

> || I3

and hence the two norms are equivalent. Showing that D(q) is complete in the norm
| - |lq is then equivalent to showing that D(q) is a closed subspace of H*(T'). Since

H'(T") is complete with || - || g2y norm, every convergent sequence in D(q) has a
limit in H*(T"), moreover, due to Lemma 2.4.1, the limit function itself belongs to
D(q). O

Since (2.18) satisfy the requirements of Theorem 1.3.1, we will now show that
the corresponding operator is actually the Hamiltonian.

Theorem 2.4.3. The unique self-adjoint operator corresponding to the sesquilinear
form s in Definition 2.4.1 is the Hamiltonian operator L.

Proof. By Theorem 1.3.1, the corresponding operator G satisfies s[f, g| = (G f, g) for
all f € D(G), g € D(s) and D(G) C D(s) = {f € H'(I') | Pp,F, =0,Yv € V}. We
will begin by showing that the operator acts as the negative second derivative along
the edges. Pick any f € D(G), then we can find an h € L*(T) such that

s[f.g] = (h,9) (2.46)

for all ¢ € H'(T'). If we choose our g such that g, € Coomp(e) on each edge, then

G, =0forallveVand ) ., (AProFy, ProGy) = 0. Equation (2.46) can then

be written as
Z/f g (x)dx = Z/ (2.47)

ecf

and by partial integration we get

—Z/f" g(@)dz = Z/h(:v)@d:c. (2.48)

ec&



since g. vanishes on the boundary. Then by matching respective edge, we see that
he(z) = Gf. = —f"(x.) and f.(x) € H?(e) since f"(z.) € L*(e). Next, we'd like
to show that the functions f € D(G) satisfy the self-adjoint vertex conditions as
in the second part of Theorem 2.3.1. The first condition Pg,F = 0 holds trivially
since f € D(G) C D(s). Now, pick a function g € D(s) which is non-zero in a small
neighborhood around a single vertex, then using partial integration again in (2.46),
we can cancel the integral terms and be left with

(NyProF,,Gy,) = (F,,G,) (2.49)

Since G' can be chosen arbitrarily and Pp,G = 0, we get

(AyPrF, — F!) € (ker(Pp,))* = ran(Pp,) (2.50)
= ker(I — Pp,) = ker(Pyn, + Pry) (2.51)

thus
(PN,U + PR,’U)(AUPR,UFU — Fé) =0 (252)

which reduces to
AUPR,UFU - PN,'UF; - PR,UF; =0 (253)

and by applying Py, to both sides, we see that Py F) =0and A, Pr,F, = Pg,F,.
Conversely, we'd like to show that if f € H*(T') and satisfy Pp,F, =0, Py,F, =0
and A, Pg,F, = Pr,F) then f belongs to the domain of G. For any g € D(s),

(—f",q) Z/ Vg (x)dx + Z(F',G) (2.54)

ec& veV
- Z /f (2.55)
ec&
+ Z PD,’UF/ + PN,’UF/ + PR,vF/a PD,’UG + PN,vG =+ PR,UG> <256>
veY

which simplifies to

Z/f g (@)dz + Y (APryFy, ProGy) (2.57)

ecf veY

using that Py ,F) = 0, Pg,F, = AyPr,F,, Pp,G, = 0 and orthogonality of the
projectors. O]

Our final theorem in this section states that the spectrum of the graph (or
equivalently, the spectrum of the Hamiltonian) is purely discrete. In other words,

Oess(L) = 0 and the Min-max theorem (Theorem 1.4.3) holds.

Theorem 2.4.4. The spectrum of L is purely discrete.

Proof. See [5]. O
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2.5 The extended /-type vertex conditions

Our focus in this section is to describe a certain kind of vertex conditions known as
the extended d-type and derive its sesquilinear form. The d-type of vertex conditions
can be summarized as

Definition 2.5.1. The d-type of vertex conditions at a vertex v € V are defined as;

{f s continuous on I, (2.58)

> E ) = auf(v)

for —oo < oy, < o0 with the direction of the derivative is outgoing; from the vertex
into the edge. With c, = 0 we get the Kirchoff conditions.

The corresponding projectors as in Theorem 2.3.1 at a vertex v with degree d,
endowed with the d-type of vertex conditions are

dy—1 1
ooy h % T .
1wt 1

Ppy— | % ‘& ol IR ! (2.59)
N o L
B R S 111

with Py, =0 and A, = 9¢. With a simple computation we get the contribution to
the quadratic form at the vertex v endowed with the d-type condition as

<A’UPR,’UF’U7 PR,vFv> = %(PR,vFva PR,vFv> = %<Fvv Fv> - av‘f(”)‘z (260)
and of course the contribution vanish with the Kirchoff conditions since a, = 0.
The form domain of a graph purely consisting of d-type conditions at all vertices is
simply H(T"). The extended d-type of conditions is to allow «,, = co. By dividing
(2.58) with «a, and taking the limit, we simply get the condition

) = 0 (2.61)

which we simply recognize as the Dirichlet conditions. The domain of this form is
quite not the same as for the d-type. Instead, for functions on the edges connected
to a vertex with a, = oo, we set f(v) = 0. Similarly, as in the Kirchoff case, the
Dirichlet condition will give no contribution to the quadratic form since F(v) = 0.

{ f is continuous on I,

2.6 Eigenvalue interlacing

Now we will look at a certain kind of interlacing property of quantum graphs which
will later be proven to be useful in the proof of Weyl’s law in Section 2.7. The idea is
to look what happens with the eigenvalues of a graph when changing the parameter
a in the d-type of vertex conditions at a single vertex v. Note that we do not assume
0-type of vertex conditions at the other vertices, these can be made arbitrary with
the only condition that the Hamiltonian is still self-adjoint.
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Theorem 2.6.1. Let 'y, = (V,E,Z) be a metric graph equipped with the Hamiltonian
operator. Let v be a distinguished vertex of I, endowed with the d-type of condition
with some parameter 0 < a < oo. The remaining vertices are endowed with arbitrary
self-adjoint conditions. Let Iy be the same graph obtained by changing o to o where
—oo < a < o <oo. Then the following chain of inequalities hold

M(Ta) € An(To) < Anst(Ta). (2.62)

Proof. We begin by first assuming that —oo < a < o/ < co. The quadratic forms
of each respective graph I'y, 'y is

Z/f g (@)dx + ol f(0)] + Y (APryFy, ProFl) (2.63)

ecE veV’

Z/f g@dr+ | f )2 + 3 (A ProFy, ProF) (2.64)

eel veV’

where V' denotes the set V with our distinguished d-type vertex v removed and f €
HY(T',). Since we have shown that the sesquilinear form satisfies the requirements
of the Min-max theorem (Theorem 1.4.3) in Section 2.4, the eigenvalues of the graph
can then be written as

An = ' 2.
1% subs;r)gclglof D(q) f meag'( q[f] < 65)
dim(V) = n  [IflI=1

As a direct consequence we get the first inequality
A(Ta) < A(To) (2.66)

since q, < qo and D(q,) = D(qu). Let ', denote the same graph as I',, but with
a = 00. The corresponding form is

Z/f g (@)dz + > (A ProFy, ProF) (2.67)
ecf veY’

with the domain D(q.,) consisting of all f € D(q,) with f(v) = 0 at the particular
)-type vertex v. Again, by the Min-max theorem,

M(Tar) < (o). (2.68)

holds true since on the domain of D(qe), oo = Ga, and minimizing over a smaller
domain yields a bigger result. The final inequality we would like to show is

M(Too) < Ap1(Ta). (2.69)

Let g, obtain its minimum on a subspace U which is spanned by the first n + 1
eigenvectors with dim(U) = n+1. Then we can find a subspace Uy, with dim(Us,) =
n such that U,, C U and Uy, C D(qs ). Then

( ) |4 subsgcl(?of D(q) r;leag{ q [f] ]1;2%2 q [f] ( 70)
dim(V) = n /=1 I f11=
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since the values of the quadratic form agree on the subspaces V' and U,,. Next,

max qo[f] = max qq|f] (2.71)
LfI=1 IfI=1
< =
> Hr}llelagi dalf] = Anp1(Ta), (2.72)
fll=1

where the first equality follows from the fact that we consider functions f for which
f(w) =0 and q4 = qoo on Uy. The second inequality follows easily since we just
increase the domain over which we're maximizing the quadratic form. Putting the
chain of inequalities together we arrive at

M(Ta) S MTo) < A(Ts) < Ag1(Ty) (2.73)

which is equivalent to the statement of the theorem. ]

2.7 Weyl’s Law for Kirchoff and Dirichlet vertex
conditions

Now we are finally ready for the proof of Weyl’s law. We will assume that every
vertex of the graph is either endowed with Kirchoff or Dirichlet vertex conditions
(we allow the graph to be mixed). The idea of the proof is simple; we want to bound
the eigenvalue counting function Nr(k) on I' by an already known counting function
plus or minus some constant.

Theorem 2.7.1. Let ' = (V,E,Z) be a metric graph equipped with the Hamiltonian
operator. At each vertex the conditions are either Dirichlet or Kirchoff. We denote
the length of the graph as L = {1+ {3+ ...+ {j¢| where {; corresponds to the length of
edge e; € E. Then the eigenvalue counting function Np(k) = #{\ € o(T) | A < k?}
can be written as

Nr(k) = %k +0(1) (2.74)

where the remainder term is bounded above and below by constants independent of

k.

Proof. As we have shown in Section 2.2, the eigenvalue counting function of an edge
with Dirichlet conditions at both vertices can be written as

k¢
N.(k) = L?J (2.75)
which we clearly can bound by
k¢ kl
— —1< N, < —. 2.
LS R (2.76)

We adopt the previous notation from Theorem 2.6.2 where I'y denotes the graph
with a distinguished vertex v endowed with the Kirchoff condition and I'y, denotes
the graph I’y obtained by changing the vertex condition on v to Dirichlet. The chain
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of inequalities given by Theorem 2.6.2 implies that the eigenvalue counting function
Nr, can be bounded by

Nr_ (k) < Nr,(k) < Np_ (k) + 1. (2.77)

Since our original graph I" is endowed with either the Kirchoff or Dirichlet conditions
at every v € V, we can apply Theorem 2.6.2 a maximum of V| times (the maximum

corresponds to a graph with Kirchoff conditions at every vertex). We can bound
Nr(k) by

From Section 2.2 we know that the counting function of Nr, (k) is

Ne (k) = 25: Ny, (k) = [%J + [%J ot LMTgJ (2.79)
i=1
which is bounded from above by
Ne, (K) < 0+ 0y +7r. Ly, (280)
and below by
Ney (K) > 0 4 0y +7T. ol £ (2.81)

by using (2.76) on each term of (2.79). By putting together (2.78) along with (2.80)
and (2.81) we arrive at the desired conclusion

L L
Zk— €] < Np(k) < Zk+ V)| (2.82)
T T

WithLI:€1+£2+...+€|g|. O

2.8 Weyl’s Law for nonnegative A,-matrices

In this final section we will consider a graph endowed with arbitrary self-adjoint
conditions at the vertices for which the corresponding self-adjoint matrix A, is non-
negative. We will show that the eigenvalue counting function of said graph I" follows
the asymptotic law

Nr(k) ~ %k as k — oo. (2.83)
Theorem 2.8.1. Let ' = (V,E,Z) be a metric graph equipped with the Hamiltonian
operator. The vertices are all endowed with arbitrary vertexr conditions which give
rise to a nonnegative self-adjoint matrix A, at a vertexr v. We denote the length of
the graph as L = {1 + ly + ... + L where {; corresponds to the length of the edge
e; € E. Then the eigenvalue counting function Np(k) = #{\ € o(T) | X < k*} of
the graph obeys the following asymptotic law

L
Nr(k) ~ ;k as k — oo. (2.84)
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Proof. Let Nr, (k) denote the eigenvalue counting function of a quantum graph with
Dirichlet conditions at every vertex. Let Nr, (k) be defined similarly, but with the
Neumann conditions at every vertex instead. Finally, let Ny (k) denote the counting
function for a graph with arbitrary self-adjoint vertex conditions which give rise
to a nonnegative self-adjoint matrix A,. Since we know from Section 2.2 and Sec-
tion 2.7 that Np, (k) and Nr, (k) follows the same asymptotic law, the assertion of
the theorem follows if we can bound Nr(k) above and below by Nr,, (k) and Nr, (k).

In the case of Dirichlet graph, Pp, =l and F, = 0forallv € V. With f € D(qp)
the quadratic forms of qp[f] and q[f] coincide since

(AyPpoF,, PpoF,) =0 (2.85)

for all v € V. Since D(qp) € D(q) we get as a direct consequence of the Min-max
theorem (Theorem 1.4.3) the following inequality:

M(Tp) = An(T) (2.86)

for all n € N, hence
Nr(k) > Nr, (k). (2.87)

Conversely, the Neumann graph I'y is completely decoupled with Neumann con-
ditions at every vertex. The Neumann conditions at a single vertex v in terms of
the projectors are Py, =1, Pr, = Pp, = 0. Since Ran(Pg,) = {0} for all v € V,
the corresponding self-adjoint operator A, acts in {0} for all v € V and hence there
is no contribution of (A, PrF,, Pr,F,) to the quadratic form qu. Since the graph
is completely decoupled, there is no continuity requirement at the junctions and the
form domain consists of all f € H(I'). The domain of q is then a subset of qy and
q > qy on D(q) since A, is nonnegative. Then again by the Min-max theorem

An(T) > An(Tw) (2.88)
for all n € N, hence
Nry (k) > Nr(k). (2.89)

Since Nr (k), Nr, (k) is already known from Section 2.2 and Section 2.7, combining
(2.87) and (2.89) we get

Ll Ny (6) < Ne(h) < Ny () ~ e (290)

™

which proves the assertion of the theorem. ]

Since we have only shown Weyl’s law in two special cases, it is then natural to
ask if there is some general form of Weyl’s law which works for all types of vertex
conditions? This is indeed the case, in a recent paper, see [7], the authors Almasa
Odzak and Lamija Séeta showed that for a general compact graph with arbitrary
self-adjoint conditions the counting function N (k) satisfy

N(k) = %k + O(k?). (2.91)
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